Genes related to human diseases should be natural targets for evolutionary studies, since they could provide clues regarding the genetic bases of pathologies and potential treatments. Here we studied the evolution of the reprimo gene family, a group of tumor-suppressor genes that are implicated in p53-mediated cell cycle arrest. These genes, especially the reprimo duplicate located on human chromosome 2, have been associated with epigenetic modifications correlated with transcriptional silencing and cancer progression. We demonstrate the presence of a third reprimo lineage that, together with the reprimo and reprimo-like genes, appears to have been differentially retained during the evolutionary history of vertebrates. We present evidence that these reprimo lineages originated early in vertebrate evolution and expanded as a result of the two rounds of whole genome duplications that occurred in the last common ancestor of vertebrates. The reprimo gene has been lost in birds, and the third reprimo gene lineage has been retained in only a few distantly related species, such as coelacanth and gar. Expression analyses revealed that the reprimo paralogs are mainly expressed in the nervous system. Different vertebrate lineages have retained different reprimo paralogs, and even in species that have retained multiple copies, only one of them is heavily expressed.
Introduction
Genes related to human diseases (e.g. cancer) are natural targets for evolutionary studies, as this research could reveal the genetic bases of pathologies and suggest potential treatments. Comparative studies involving genes related to human pathology have gained a medical relevance with the discovery that several non-model organisms can help us better understand certain pathologies. An example is the discovery that some subterranean rodents (e.g. Heterocephalus glaber, Fukomys anselli, Spalax sp.) are resistant to the aging processes and age-related diseases, such as cancer (Yu et al., 2011; Edrey et al., 2012; Gorbunova et al., 2012; Manov et al., 2013; Novikov and Burda, 2013; Henning et al., 2014; Faulkes et al., 2015) , or the finding that some wild animals (e.g. Octodon degus) develop pathologies (such as Alzheimer and diabetes) in a similar way as humans (Castro-Fuentes and Socas-Pérez, 2013; Tarragon et al., 2013; Braidy et al., 2015; Inestrosa et al., 2015) , making them promising biomedical models.
Reprimo (RPRM) is a poorly studied (Ohki et al., 2000) single exon gene that appears to be involved in tumor suppression based on its induction after X-ray irradiation, as well as, its identification as a downstream target of p53. The RPRM protein is believed to mediate, at least in part, the p53-dependent cell cycle arrest at G2 by the inhibition of Cdc2 activity and nuclear translocation of cyclin B1 (Ohki et al., 2000; Taylor and Stark, 2001 ). It has also been suggested that RPRM may also be regulated by p73 in an independent manner from p53 in gastric carcinogenesis (Saavedra et al., 2015) . The loss of RPRM expression in cancer through abnormal methylation patterns suggests that this gene and its corresponding biochemical pathway might play a role in cancer metabolism and development, and suggests a potential target for treatment against malignancies (Ohki et al., 2000; Wong et al., 2005; Hamilton et al., 2006; Bernal et al., 2008; Luo et al., 2011; Saavedra et al., 2015) . To date, efforts to find biomarkers for early stages of cancer have found limited success, and the gene RPRM has emerged as a promising candidate in this area (Bernal et al., 2008) .
The inverse relationship between methylation and transcription has identified RPRM as a target for aberrant methylation in various cancers, including prostate cancer (Ellinger et al., 2008) , lung cancer (Nakajima et al., 2009) , hepatocellular carcinoma (Nishida et al., 2008) , pancreatic cancer (Sato et al., 2008) , head and neck carcinomas (Wong et al., 2005) , esophageal cancer (Hamilton et al., 2006) and gastric adenocarcinoma (Bernal et al., 2008; Luo et al., 2011; Saavedra et al., 2015) . The abnormal regulation of the genome during cancer is thought to be due to atypical methylation processes rather than the presence of somatic mutations. In recent years, this hypothesis has driven attempts to explore correlations between methylation profiles and early cancer detection. Thus, assessment of the methylation status of RPRM cell-free circulating DNA has emerged as a promising biomarker for the early diagnosis of stomach cancer.
The RPRM gene family also includes a second paralog, named reprimo-like (RPRML), which in humans retains 52.5% identity with RPRM at the amino acid level. In humans, the C-terminal portion of these genes demonstrates a strikingly high degree of conservation, whereas in the N-terminal the situation is the opposite (Fig. 1) . There is little information on the emergence of the RPRM gene family and the functional role of its members. The evidence so far suggests that RPRML plays a role in cell cycle dynamics that is distinct from that of RPRM, and that RPRML expression is inducible by gamma-irradiation (Lin, 2010) .
The goal of this study was to provide an initial assessment of the evolutionary history of the reprimo gene family, focused on assessing the diversity of reprimo genes in the major groups of vertebrates; and examine gene expression patterns among different tissues in representative species of vertebrates. Our results uncover the presence of at least three reprimo lineages that were differentially retained during the evolutionary history of vertebrates, and also suggest that they originated and diversified as a product of the two whole genome duplications in the last common ancestor of vertebrates. Expression analyses revealed that reprimo genes are mostly expressed in the nervous system and, when multiple gene copies are present in the genome, only one of them is predominantly expressed.
Material and methods

Data collection and phylogenetic analyses
We used bioinformatic tools to annotate reprimo genes in representative species of the major groups of vertebrates. Our sampling included representatives from placental mammals, marsupials, monotremes, birds, reptiles, amphibians, lobe-finned fish, teleost fish, non-teleost ray-finned fish, cartilaginous fish, and cyclostomes (Supplementary Table S1 ). To investigate the origin of the reprimo gene family we also searched reprimo sequences in non-vertebrate deuterostomes using tblastn strategy in the non-redundant and whole-genome shotgun contig databases (Tatusova and Madden, 1999) . Reprimo amino acid sequences were aligned using the L-INS-i strategy from MAFFT v.7 (Katoh and Standley, 2013) . Phylogenetic relationships among reprimo genes were estimated using maximum likelihood and Bayesian approaches. The program MEGA v6.06 (Tamura et al., 2013) was used to perform a maximum likelihood analysis to obtain the best tree. We used the propose model tool of MEGA v6.06 (Tamura et al., 2013) to select the best-fitting model of amino acid substitution (JTT + G). Bayesian searches were conducted in MrBayes v.3.1.2 (Ronquist and Huelsenbeck, 2003) , setting two independent runs of six simultaneous chains for 30 × 10 6 generations, sampling every 2500 generations, and using default priors. The run was considered to have reached convergence once the likelihood scores reached an asymptotic value and the average standard deviation of split frequencies remained b 0.01. We discarded all trees that were sampled before convergence, and we evaluated support for the nodes and parameter estimates from a majority rule consensus of the last 6000 trees. Fig. 1 . Alignment of reprimo amino acid sequences from human, coelacanth and zebrafish. Amino acids that delimits the identity the RPRM gene are in blue, amino acids that delimits the identity the RPRML gene are in red, and amino acids delimits the identity the third reprimo lineage are in green.
Assessments of conserved synteny
To examine patterns of conserved synteny, we examined genes found upstream and downstream of the reprimo genes on species representative of all main groups of vertebrates. In the case of the RPRM and RPRML genes, that were present in a wide variety of vertebrates, synteny analyses was performed in humans, opossum, platypus, Chinese softshell turtle, chicken, zebrafinch, anole lizard, clawed frog, coelacanth, spotted gar and elephant shark. For the third reprimo lineage that was only present in the coelacanth, spotted gar and elephant shark, we assessed synteny in these three species. In the case of lampreys, both species included in this study were investigated. Initial orthologue predictions were derived from the Ensembl Compara database (Vilella et al., 2009 ) and were visualized using the program Genomicus (Muffato et al., 2010) . In the case of the Japanese lamprey (http://jlampreygenome.imcb.a-star.edu.sg/) and the elephant shark (http://esharkgenome.imcb.a-star.edu.sg/) the genomic pieces containing reprimo genes were annotated using the program Augustus (Stanke et al., 2008 ). The predicted genes were then compared with the nonredundant protein database using Basic Local Alignment Search Tool (BLAST) (Tatusova and Madden, 1999) .
Gene expression assessment
Reprimo expression was measured in a representative sample of vertebrate species. Our sampling included the elephant shark, spotted gar, chicken, and human. For each species, reprimo expression was assessed in six different tissues (brain, heart, kidney, liver, muscle and testis). RNASeq data was gathered from GenBank's SRA database (Supplementary Table S2 ). Reference cDNA sequences of predicted genes from each genome were collected from Ensembl, for each gene only the longest cDNA sequence was included. Elephant shark cDNA sequences were collected from its own web site (http://esharkgenome. imcb.a-star.edu.sg/). Gene expression levels were estimated using RSEM v1.2.3 (Li and Dewey, 2011) which uses Bowtie v. 0.12.9 (Langmead et al., 2009) to map reads to the proper set of coding sequences. Default settings were used, and expression was measured in transcripts per million (TPM).
Results and discussion
By combining phylogenetic, synteny and gene expression analyses, we reconstructed the evolutionary history of the reprimo gene family in representative species of vertebrates. Our results demonstrate the presence of three separate lineages in the reprimo gene family that emerged early in vertebrate evolution, and have been differentially retained among the different vertebrate lineages. As a first step to investigate the origin of this gene family, we searched for reprimo genes in non-vertebrate deuterostomes available in the non-redundant and whole-genome shotgun contig databases. According to our analysis, there are no reprimo sequences outside vertebrates, suggesting that this gene family is an evolutionary innovation of this group.
Gene phylogenies and synteny resolve orthology for RPRM and RPRML
Our phylogenetic analyses revealed the presence of two wellsupported reprimo lineages among gnathostomes (Fig. 2) . The RPRM lineage (Fig. 2, blue clade) , represented by the gene located on human chromosome 2, and the RPRML lineage (Fig. 2, red clade) , represented by gene located on human chromosome 17, were recovered as a wellsupported clades providing a clear definition of orthology. The RPRM gene lineage has been retained as a single copy in all major groups of gnathostomes other than birds, where it has been lost, and pig (Sus scrofa), where two tandem copies are found on chromosome 15. The RPRML gene lineage was also present as a single copy gene in all surveyed species with the exception of monotremes, the group that includes platypuses and echidnas, where the gene was not found. In this case, we cannot rule out that the RPRML gene is present in their genomes but not in the current genome assembly.
Synteny analysis provides additional support for the identity of the RPRM and RPRML gene lineages (Figs. 3 and 4) . Genes found up-and downstream of the RPRM gene are well conserved in all main groups of gnathostome vertebrates (Fig. 3, upper panel) . In most surveyed species there are four upstream genes (ARL6IP6, PRPF40A, FMNL2 and STAM2) and four downstream genes (GALNT13, KCNJ3, NR4A2, GPD2) that define the identity of this genomic region (Fig. 3, upper panel) . Synteny for the RPRML gene is not as conserved as for RPRM (Fig. 4) , because genes defining this genomic region appear to have been rearranged on the same chromosome. Even so, we were able to identify 12 genes commonly found in the proximity of the RPRML gene (e.g. GOSR2, WNT9B, WNT3, NSF, ITGB3, FMNL1) that defines this genomic region (Fig. 4) . We also found that in humans and Old World monkeys, the RPRML gene is located between exon 7 and 8 of the Golgi SNAP receptor complex member 2 gene (GOSR2, Fig. 5 ). The transcription of RPRML appears to be independent to that of the GOSR2 gene, as in contrast to the RPRML expression pattern, the host gene is expressed in five (brain, heart, kidney, liver and testis) out of the six tissues included in this study.
Presence of a third reprimo gene lineage in gar, elephant shark, coelacanth
Our study uncovered the presence of a third reprimo gene lineage in gnathostomes, which was identified in three distantly related species: elephant shark, spotted gar and coelacanth (Fig. 2, green clade) . This gene lineage is recovered as a monophyletic group in our phylogenies, but with no support (Fig. 2, green clade) . However, the orthology of this lineage is supported by synteny, as we found five genes that consistently are in its proximity in all three species (NR4A1, GRASP, ACVR1B, ACVRL1, FMNL3, Fig. 3 ). The phyletic distribution of this gene lineage allows us to trace back its origin to the last common ancestor of gnathostomes, and synteny revealed that genes found in its proximity in the spotted gar, coelacanth and elephant shark mapped unequivocally to chromosome 12 of humans (Fig. 3) . We infer that this chromosome would be the putative genomic location of the third reprimo paralogon in humans, and that the gene copy was lost in the ancestor of tetrapods.
The reprimo gene repertoire in lampreys
In addition to the reprimo genes found in gnathostomes, we also annotated four reprimo sequences in the two species of lampreys. These genes were recovered as two distinct sister clades (Fig. 2, upper and lower clades). The sister group relationship of the two clades of lamprey reprimo genes is not well resolved. In the case of the lower clade we found three genes (FMNL2a, MYLKb and SLC12A8) downstream the reprimo sequence that define the orthology in both lamprey species. Two of these genes do not map to any of the already identified reprimo paralogons, suggesting that this reprimo gene could be either the fourth paralogon or the product of a duplication restricted to the lamprey lineage. In support of the former option we found that two flanking genes (MYLKb and SLC12A8) identified in both lamprey species consistently map on chromosome 3 of humans. In the case of the upper clade we did not find shared synteny between the two lampreys, probably due to the state of the current lamprey genome assemblies. Finally, the difficulty in resolving orthology using gene phylogenies between cyclostome and gnathostome genes is apparently related to particular features of the cyclostome genomes, such as GC and amino acid bias, that set them apart from all other vertebrate genomes (Qiu et 
Additional duplications of the reprimo gene family in teleost fish
Given that teleost fish experienced an extra round of whole genome duplication (Meyer and Van de Peer, 2005; Kasahara, 2007; Sato and Nishida, 2010) , we performed an additional phylogenetic analysis with an increased taxonomic sampling, including all available fish species in genome databases, as well as individual records. For these analyses we also included sequences from the elephant shark and coelacanth as they possess the three reprimo lineages. In this case the phylogenetic prediction is to find duplicated copies in all reprimo gene lineages in teleost fish relative to gar, a species that did not experienced the extra round of whole genome duplication (Braasch et al., 2016) . Our phylogenies revealed the presence of the three already identified reprimo gene lineages (Fig. 6 ). In the case of the reprimo clade (Fig. 6, blue clade) traces of the two gene lineages derived from the teleost-specific genome duplication are present. In support of this claim we found that that there is at least three pair of genes on chromosome 9 and 6 (FMNL2a and FMNL2b, MYLKa and MYLKb, KCNJ3a and KCNJ3b) that support that RPRMa and RPRMb genes of zebrafish were originated as the product of the teleost specific genome duplication. For the reprimo-like clade, teleost species retained only one of the lineages derived from the teleost-specific genome duplication (Fig. 6, red  clade) . Finally, the third reprimo lineage has only been retained in cavefish and zebrafish (Fig. 6, green clade) .
Expression of the reprimo genes in vertebrates
We also examined expression of the reprimo paralogs in a representative sample of gnathostomes. Our results revealed that in most examined species reprimo genes are mostly expressed in the brain ( Table 1) , and that there is not a clear pattern of which reprimo gene is the most abundantly expressed among species (Table 1) . In humans, which possess RPRM and RPRML genes, the former gene is expressed more than three times relative to RPRML (Table 1) , whereas in the spotted gar, the RPRML gene is the most abundantly expressed gene, almost seven times higher than the reprimo gene belonging to the third reprimo lineage. Interestingly, we did not detect RPRM expression in any tissue on this species. As in gar, the elephant shark reprimo gene belonging to the third reprimo lineage is the most abundantly expressed; followed by RPRM, while the RPRML gene is the least expressed (Table 1) . In chicken, where RPRML is the only reprimo gene present in its genome, this gene is only expressed in the brain among the tissues and developmental stages included in our analyses (Table 1) . In zebrafish, all reprimo paralogs are expressed at low levels, where RPRMa and RPRMb are the most abundantly expressed genes in the brain and testis. The fact that reprimo genes are mainly expressed in the brain, a tissue that in general does not experience cell division, and that this pattern has been conserved for almost 500 million years presents an intriguing pattern. One possibility could be that reprimo expression plays a protector role in this organ during adulthood (Zohrabian et al., 2007) .
Evolutionary diversification of the reprimo gene family
If the main lineages of reprimo genes represent the product of the two rounds of whole genome duplications occurred in the last common ancestor of vertebrates (Meyer and Schartl, 1999; McLysaght et al., 2002; Dehal and Boore, 2005; Hoegg and Meyer, 2005; Putnam et al., 2008) , then representatives of the three reprimo gene lineages should be embedded in chromosomal regions that share similar arrangements of ohnologous genes (Dehal and Boore, 2005) . To test this prediction, we searched for co-duplicated genes that are present on the chromosomes where the human species possess reprimo gene copies (chr 2 and 17), plus the chromosome where the third reprimo lineage it should be (chr 12). If the diversity of reprimo gene family is the product of the two rounds of whole genome duplications, ohnologous copies should be found on all three chromosomes. However, given the dynamics of the genomes after whole genome duplications only a fraction of gene families would be expected to retain all the resultant ohnologs (Dehal and Boore, 2005; Braasch et al., 2006; Braasch et al., 2007; Braasch et al., 2009 ). In our survey we found 17 ohnologous gene families (ASIC, ERBB, HDAC, IGFBP, IKZF, MYL, NEUROD, NFE, RAPGEF, SP, HOX, ATP5G, FMNL, FZD, ITGA, SCN, STAT) that were present on the three human chromosomes that suggest that the diversity of reprimo genes observed in vertebrates is the product of the two whole genome duplications occurred in the last common ancestor of the group. According to the ohnolog repository (http://ohnologs.curie.fr/) (Singh et al., 2015) all these genes also diversified as product of the whole genome duplications occurred in the last common ancestor of vertebrates, thus providing further support to our claim. All of these segments map to regions of the human genome that derive from the Ancestral Chordate Linkage group 16 (Putnam et al., 2008) , providing further support for the role of whole genome duplications in the diversification of this gene family. Pointing into the same direction, ohnologs that were lost in one of the chromosomes were also identified (e.g BIN, GLI, NOS, PER, ATF, RAB5).
3.7. Evolution of the p53 gene family a key regulator of reprimo genes As stated above, RPRM is a downstream effector of p53, involved in cell cycle arrest at G2. Interestingly, p53-dependent cell cycle arrest may, to some extent, be restricted to vertebrates; as is the case for p53-dependent p21-mediated cell cycle arrest (Lu et al., 2009 ). Therefore, it is important to contextualize the evolutionary origins of the reprimo gene family, within the evolutionary history of the p53 gene family, upstream regulators for RPRM. The human p53 gene family consists of three members: p53, p63 and p73; all of which share a common "blueprint" consisting of an amino-terminal transactivation domain, a highly conserved central DNA-binding domain and a carboxy-terminal oligomerization domain (Lu et al., 2009) . Its evolutionary origin apparently predates the emergence of the reprimo gene family as the presence of a p53-like gene has been reported in choanoflagellates, the sister group of animals, where two to three p53 paralogs have been described (Nedelcu and Tan, 2007; Lu et al., 2009; Belyi et al., 2010; Dötsch et al., 2010; Zmasek and Godzik, 2013) . In insects and Caenorhabditis elegans, one homolog that is a hybrid p63/p73 gene has been described. In vertebrates the three members of the family (p53, p63 and p73) have Yellow vertical lines correspond to exons of the GOSR2 gene, whereas, the red vertical line correspond to the RPRML sequence. Lower panel, schematic representation of the syntenic region in which RPRML gene in humans is located. RPRML gene is in the reverse strand, whereas the GOSR2 gene is in the forward strand. Fig. 6 . Unrooted maximum likelihood phylogram depicting relationships among fish reprimo genes based on amino acid sequence data. The number on the nodes corresponds to the posterior probability using the Bayesian approach. been identified (Lane et al., 2011) , suggesting that the vertebrate specific whole genome duplications played a pivotal role in the diversification of the p53 gene family as well.
Taken together, our results recreate a story alongside RPRM, where genes involved in cell cycle dynamics in the p53 pathway diversified and acquired more complex and specific functions as a result of the gene family expansions derived from the vertebrate specific whole genome duplications. The diversification of regulatory genes in cell cycle dynamics (p53, p63, p73, and downstream effectors such as RPRM, RPRML and RPRM3) shows a more complex network guarding the integrity of cell replication in higher vertebrates, which may help provide further insight and understanding of deregulations leading to disease development, especially cancer.
Conclusions
In this study, we provided a comprehensive evolutionary analysis of the reprimo gene family in a sample of vertebrates including representative species of tetrapods, coelacanths, teleost fish, non-teleost rayfinned fish, cartilaginous fish, and cyclostomes. By tracking the evolution of the reprimo gene family among vertebrates and comparing patterns of expression in an evolutionary framework our study shows that 1-the reprimo gene family emerged early in vertebrate evolution, 2-even if multiple members of the family are present, a single representative is the most heavily expressed, 3-there is variation in which representative gene is the most heavily expressed, 4-gene expression occurs predominantly in the brain, and 5-there is preliminary evidence that the diversification of the reprimo gene family might have coincided with that of its signaling partner, p53. Our results are in agreement with previous reports that suggest that a relatively high proportion of human disease related genes originated in the last common ancestor of vertebrates (Makino and McLysaght, 2010; Singh et al., 2012; Maxwell et al., 2014) .
Future studies should be directed towards obtaining basic information regarding the biology of the reprimo gene lineages and its relationship to cancer. This information will be also fundamental to understand the pattern of differential retention observed in this group of genes, specially the limited phyletic distribution of the RPRM3 gene.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.gene.2016.07.036.
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